What is the source of geogenic (natural or native) solutes in groundwater? The orthodox explanation suggests it is largely a function of water-rock interaction (weathering of the soil zone and aquifer mineral framework). It is proposed herein that atmospheric deposition (combination of wet and dry aerosols from ocean spray, smoke, volcanoes, continental dust, and lightning) is a significant source, and in many cases the dominant source, of the major and minor geogenic solutes in groundwater. Solute mass-balance analyses suggest that much of the mass of major and minor ions must be transported into the aquifer from an external source. Example case studies are presented: analysis of groundwater in a coastal marine aquifer located in an arid area (United Arab Emirates) suggests that over 50% of several major ions potentially originate from atmospheric deposition; in an alluvial fan in a semi-arid system (High Plains, USA), 100% of most solutes potentially originate from atmospheric deposition; and in a humid glacial aquifer system (Michigan, USA), 20-30% of many major ions are potentially from atmospheric deposition. These observations contrast with many hydrogeologic textbooks, which still propose the origin to be water-rock interaction-hence, the myth.
Introduction
Groundwater, one of society's most valuable extracted natural resources, provides approximately 40% of public supply and most of the rural domestic supply, in addition to a significant fraction of irrigation water, in the United States (Dieter et al. 2018) , and by inference, similar values in other countries. Groundwater quality (a function of microbial content, temperature, and type and amount of dissolved substances) is an important component of its societal value. Hydrogeologists' conceptual knowledge of the sources of microbes and temperature are generally well understood; however, understanding of the origin of the major geogenic solutes is less well defined.
Whereas some recent studies have identified the role of atmospheric deposition of some major ions, largely nitrogen, many hydrogeology textbooks imply that weathering (water-rock interaction) of the mineralogical framework of the aquifers and associated soil zone is the dominate source of geogenic solutes. Note, however, that there are few readily soluble aquifer-framework minerals containing the cations magnesium, potassium, sodium, and the anion chloride, or nitrogen. Thus, these ubiquitous ions and others in groundwater must be either associated with connate water or come from an external source; hence, a mineral dissolution origin of many geogenic solutes is likely a myth.
Over the last 60 years much of the focus on groundwater geochemistry has been on: the application of chemical thermodynamics to the water-rock interaction (weathering); analysis of anthropogenic contamination by dissolved solids from leaks, spills, landfills, disposal, etc.; and anthropogenic atmospheric gases. Documentation of early observations in North America shows that geogenic solutes in precipitation (Larson and Hettick 1956 and Junge and Werby 1958) are important sources of some solutes in streams (Likens et al. 1967 ) and shallow aquifers with low total dissolved solids (TDS) Feth and others (Feth et al. 1964; Pearson and Fisher 1971) .
Geochemists have recognized the role of atmospheric deposition of nitrogen in groundwater of arid and semi-arid areas for over 50 years (Pearl 1997; Stadler et al. 2008) . Chloride from atmospheric deposition has been widely used for over 50 years in the chloride-mass balance method of determining groundwater recharge fluxes. Similarly, the effect of atmospheric sulfur associated with acid rain on groundwater has also been well studied (Robertson et al. 1998) . The importance of atmospheric precipitation with respect to other major ions in groundwater in a semi-arid area in Australia was recognized by Herczeg et al. (2001) . Additionally, the impacts of specific sources of geogenic atmospheric deposition on solutes in groundwater have been identified from saline lakes (Wood and Sanford 1995a) and ophiolites (Wood et al. 2010) . Notwithstanding these contributions, there appears to be a general lack of awareness by the hydrogeologic community on the role of atmospheric deposition on geogenic solutes in groundwater.
Major ions, defined here as any that exceed 1% of TDS in geogenic groundwater, commonly include calcium (Ca 2+ ), magnesium (Mg 2+ ), sodium (Na + ), bicarbonate (HCO 3 − ), chloride (Cl − ), and sulfate (SO 4 2− ) and together typically constitute 90-95% of TDS in most groundwaters. Common minor constituents (between 1 and 0.1% of TDS) are typically potassium (K + ), nitrate (NO 3 − ) and trace elements (less than 0.1% of TDS), and also atmospheric gases which are highly variable spatially. Water-rock interaction as a source of solutes is important for some constituents in aquifers and soils composed of young, mechanically broken mineral fragments (glacial deposits, recent alluvial fans, aeolian sediments, recent faulting in crystalline rock, etc.), especially in vegetated humid continental areas. In many other environments, waterrock interaction is a secondary source of solutes. Such environments include: aquifer systems that have experienced many pore volumes of groundwater discharge; a mineralogical framework of largely low-solubility silicates; and arid, semi-arid, tropical, and tundra areas.
Mass balance
Consider a control volume of one cubic meter of a representative portion of the aquifer. The solutes in the groundwater of this control volume originate from a potential combination of internal sources (water-rock interaction and connate solutes) or solute transport (from overlying, underlying, and/or adjacent aquifers) or direct recharge by atmospheric precipitation. Mass balance analyses of the solutes provide useful limiting conditions for evaluating the origin of these solutes and provide insight into processes and reactions controlling solute concentration, but the analyses do not provide a portrait of the variety of chemical reactions or processes occurring in the aquifer. Deviation, however, of the solute mass calculated from atmospheric or other external sources, compared to that observed in the groundwater, can provide constraints for a conceptual model of their origin that involves thermodynamic analyses. Assume, for example, that potassium input observed from atmospheric deposition should likely result in 10 mg/L in the groundwater but only 1 mg/L is observed. This difference would suggest a significant potassium sink within the aquifer that may be of interest.
Atmospheric deposition and groundwater
Nearly all elements are present as geogenic solutes in atmospheric deposition (Galloway et al. 1982; Berner and Berner 1996) as they originate from a combination of wet and dry aerosols from ocean spray, smoke, volcanoes, continental dust, and lightning. The diminishingly low concentration of these solutes is concentrated many times by evaporation and transpiration prior to groundwater recharge in all but very humid areas. Extensive databases of most major and some minor ions in wet atmospheric deposition in the continental United States were initiated in the early 1990s, to monitor the impact of policy regarding deposition of acid rain, atmospheric mercury, and ammonia (National Atmospheric Deposition Program 2019a).
A significant flux of fine smoke/dust/aerosol/particulate material is deposited onto surfaces and it is assumed, because of their small size (large surface area to mass ratio), that they are subsequently dissolved and included in groundwater recharge. Thus, in calculating the atmospheric depositional load to groundwater, the total (wet + dry) deposition is used. Deposition of particles/aerosols in the atmosphere occurs by gravitational settling on land or water surfaces and is typically site sensitive. Total depositional loads are calculated using an approach that combines measured air-concentration and wetdeposition data, modeled deposition velocity, and drydeposition data (National Atmospheric Deposition Program 2019b), and maps of distribution are created. Significant spatial variability in depositional flux exists between various ions ( Fig. 1a ,b) consistent with both different sources and atmospheric fractionation processes owing to nucleation rates, crystal size, settling rates, etc. The year-to-year variability for the same ion is significantly dependent on variation in precipitation flux (Fig. 2) .
For many groundwater geochemical calculations, it is desirable to express atmospheric depositional flux (DF), given in kg/ha/year (100 mg/m 2 /year), as a solute concentration (C depo ) in mg/L, utilizing rainfall flux (P) (m 3 /m 2 /year) and recognizing that 1 m 3 is equal to 1000 L. Thus,
For example, using data from Figs. 1a and 2 for the northern midcontinent with a chloride deposition flux of 1 kg/ha/ year (100 mg/m 2 /year) and rainfall flux (P) of 76 cm/year (0.760 m/year or 760 L/ m 2 /year) yields a value of chloride concentration C depo of approximately 0.13 mg/L prior to concentration by evaporation and transpiration.
Because interest lies in the concentration of an ion entering groundwater, with the groundwater recharge flux q v , it is necessary to evaluate the amount of water loss to evapotranspiration, thus resulting in solute concentration. A dimensionless concentration ratio (CR) can be utilized in a steady-state system where CR is equal to the annual precipitation flux (P) (L 3 /L 2 /T) divided by the annual vertical groundwater recharge flux (q v ) (L 3 /L 2 /T; Eq. 2).
To obtain the solute concentration of a conservative ion added to groundwater recharge (C · q v ) the CR is multiplied by the solute depositional concentration C depo (Eq. 3).
This study is ultimately interested in the steady-state percentage of each ion from atmospheric deposition (% AD) relative to that observed in groundwater. That is,
where C · q v and C gw (the concentration in groundwater) are in identical concentration units (M/L 3 ).
To utilize this approach, a groundwater recharge flux (q v ) as well as a precipitation flux (P) must be known. Nationaland global-scale estimates of recharge flux can be obtained from maps in Reitz et al. (2019) and Döll and Fiedler (2008) . For basin-scale analysis there are numerous methods and techniques to measure this flux, but two approaches that are particularly useful are the chloride mass-balance method and the evaporative transpiration method.
If the boundary and initial conditions are suitable it is possible to estimate groundwater recharge flux by evaluating the mass balance of a conservative ion such as chloride in the groundwater (Wood and Sanford 1995b) . This approach requires the following assumptions: (1) the chloride in the groundwater originates only from precipitation directly on the aquifer (no unmeasured chloride mass is recharged from overlying, underlying or, adjacent aquifers, added chloride by de-icing, or unmeasured runoff); (2) the chloride is conservative in the system; (3) the atmospheric chloride-mass flux (both wet and dry) has not changed over time i.e. chemical steady state; and (4) there is no recycling or concentration of chloride within the aquifer. The aerially averaged specific vertical recharge flux (recharge per unit area per unit time) to the aquifer can be as expressed as a linear relationship with consistent units:
where:
q v vertical groundwater recharge flux (L 3 /L 2 /T) P average annual precipitation flux (L 3 /L 2 /T) Cl gw average chloride concentration in the groundwater (M/L 3 ) Cl wap precipitation-event weighted average chloride concentration (M/L 3 ), calculated by:
Cl pi is chloride in precipitation of the ith sample P i is precipitation of the ith sample and n is number of samples In cases where an aquifer system does not correspond to the boundary and initial conditions required for the chloridemass-balance method, an alternative evaporative/ transpiration concentration ET loss method can be used if precipitation and stream-flow data are available or can be reasonably approximated over a drainage basin. This analysis assumes that (1) the topographic drainage basin and the groundwater basin are the same; and (2) there has been no significant diversion of water to or from the basin; (3) there is no ET from storm flow; (4) the system is in steady state. The gaging station provides the total discharge Q tot (L 3 /T) which is a mixture of groundwater baseflow B (L 3 /T) and storm runoff R (L 3 /T).
In a steady-state system, groundwater leaving as baseflow B is the amount entering by recharge flux, thus it is necessary to separate the groundwater baseflow B from the total flow Q tot . Groundwater baseflow (B) of small to medium streams is typically between 40 and 50% of total flow (Q tot ; Alley et al. 1999) . By determining baseflow B at the gaging record and dividing by the area A of the basin above the gaging station, the groundwater recharge flux q v is calculated
In both of the chloride mass-balance and ET loss methods the estimated mass input is "potential", as the chemical environment controls the solubility and thus, solute concentration.
Examples of the effect of atmospheric deposition on groundwater solutes
Atmospheric loading calculations only suggest maximum potential contribution from atmospheric deposition and not the actual contributions, as the mass balance does not provide an outline of chemical reactions or processes occurring in the aquifer. To illustrate the impact of potential atmospheric deposition, three aquifers of different origin/lithology and climate condition were selected: the High Plains alluvial fan/ aeolian aquifer in the USA is in a semi-arid environment; the Upper Grand River Basin (Michigan, USA), composed of glacial deposits overlying a consolidated bedrock aquifer, is in a humid continental environment; and the Abu Dhabi sabkha aquifer of marine reworked aeolian sand dunes is in an arid environment (United Arab Emirates).
Southern High Plains of Texas and New Mexico, USA
Prior to the start of European occupation in the 1880s, the Southern High Plains of Texas and New Mexico was shortgrass prairie but is now largely crops (many irrigated) with some grazing. The High Plains aquifer (Fig. 3) is an internally drained Miocene through Pliocene alluvial fan/aeolian watertable aquifer that is hydrologically mature, composed largely of quartz, calcite, and feldspars. The upper few meters are Pleistocene through recent aeolian sediments. Precipitation in this semi-arid area ranges from 330 mm/year in the southwest to 560 mm/year to the northeast averaging approximately 500 mm/year and potential evaporation averages approximately 1,900 mm/year ( Fig. 3) with an average temperature of approximately 16°C.
The groundwater gradient is approximately 1.9 m/km and in the past was largely discharged to springs along the eastern escarpment; however, since major groundwater development started in the 1930s discharge has been largely through pumping, and most of the springs are no longer active. The Southern High Plains exhibit essentially no surface-water outflow, as over 98% of the area is drained internally by the approximately 20,000 small "playa" lakes. The hydraulic head in the aquifer is higher than the underlying sedimentary sequence. The system is hydrologically transient and chemically open with intermittent recharge occurring largely in and around playa basins. These ephemeral lakes are typically 10 or more meters above the water table and retain water only after precipitation events.
The groundwater is a calcium/magnesium bicarbonate type with TDS of approximately 350 mg/L (calculated from data in Table 1 ). The total calculated atmospheric deposition data (Table 1) were analyzed by the author from samples originally collected for isotope analyses (Nativ and Riggo 1990) prior to the development of a national atmospheric data base and were used because they contained bicarbonate data. The chloride mass-balance method (Wood and Sanford 1995b) , utilizing average annual precipitation and average groundwater chloride concertation for the entire area, was used to determine recharge flux q v of approximately 11 mm/year, thus a concentration ratio (CR) of 43 was used to calculate the concentration factor for groundwater (Table 1) . The percent concentration of atmospheric deposition relative to groundwater (Table 1) for the ions Ca 2+ , K + , SO 4 2− and NO 3 − exceeded 100% suggesting that atmospheric deposition potentially provides more mass to the aquifer system than observed in the groundwater. The loss of Ca 2+ relative to groundwater is likely due to precipitation of calcite, whereas the loss of NO 3 − , K + , and SO 4 2− ions may result from the utilization of these ions by vegetation. Under steady-state conditions, one would assume that these would enter the groundwater associated with vegetation decay. These ions, however, may be stored in the thick unsaturated zone or may have been volatized and transported out of the system by the frequent historic and prehistoric prairie fires. As the system is generally oxygenated, the loss of nitrogen by reduction to nitrogen gas is limited. Clearly, additional analysis is required for a more complete understanding of the solute chemistry (Wood and Sanford 1995b) . The point, however, is that atmospheric deposition appears to dominate the source of solutes in this system and provides some insight into the geochemical processes.
Upper Grand River Basin, central Michigan, USA
Prior to European occupation the Upper Grand River basin, Michigan in the mid 1830s ( Fig. 4) was forested with deciduous trees but has undergone substantial land-use changes started about 200 years ago and is now pastures, crops, orchards, urban, and residential. The aquifer consists of a combination of Pleistocene age glacial deposits that unconformably overlies the hydraulically connected Pennsylvania age Saginaw Formation. The aquifer system is of variable thickness averaging approximately 125 m with modest topographic relief of a few tens of meters. The surface drainage is partially integrated, but many topographically closed lakes exist in the area. The glacial deposits are dominated by rock fragments, quartz, feldspar, hornblende, pyroxene, mica, and carbonates deposited in tills, moraines, outwash, eskers, and kames that overlie the incised Pennsylvania age Saginaw Formation of continual/marine sandstone, shale, limestone and minor coal (Vanlier et al. 1973) . This aquifer overlies the low permeability Bayport Limestone of Mississippian age.
As there are essentially no outcrops of the Saginaw Formation, all atmospheric recharge of the system is through the overlying glacial deposits. The glacial sediments act as a water-table aquifer, whereas the Saginaw Formation acts as a semi-confined/confined aquifer in places. There is a large deep (>35 m) cone of depression underlying much of the urban portion of Upper Grand River basin. The system is chemically open and in a transient condition with respect to flow as the groundwater head is continually lowered over a large area owing to pumping withdrawal in excess of recharge. The Upper Grand River basin receives approximately 760 mm/year precipitation with an average annual temperature of 14°C.
The ET loss approach was used in the Red Cedar watershed, a significant fraction of the upper Grand River Basin, to calculate a solute input to groundwater. With an average rainfall flux of 0.760 m 3 /m 2 /year and atmospheric depositional data (National Atmospheric Deposition Program 2019a, b) the individual solute concentration (C depo ) for each ion, in mg/L, was calculated ( Table 2) . Evapotranspiration removes 72% of water entering the basin (based on 89 years of records of the Red Cedar River at Farm Lane). Thus, the runoff efficiency (RE) is 28% and the total flow out of the basin is equivalent to a flux of 0.213 m 3 / m 2 /year. The groundwater base flow of this system is 48% of this total flow leaving the basin (Holtschlag 1997) resulting in a recharge flux q v of 0.102 m 3 /m 2 /year. Thus, 0.760/0.102 yield a concentration ratio CR of 7.5, which was used to estimate atmospheric deposition input to the groundwater ( Table 2 ). The mean results for 232 groundwater samples (Wood 1976; Vanlier et al. 1973 ) of the Saginaw Formation represent a calcium-magnesium bicarbonate type water with approximately 350 mg/L of TDS (Table 2) typical of glacial aquifers in humid continental environments worldwide.
The percent concentration of atmospheric deposition relative to observed groundwater (Table 2) suggests that the atmospheric deposition would potentially satisfy 20-30% of the observed Mg 2+ , K + , and Cl − concentration and a much larger amount (~1900%) of NO 3 − ions. The Cl − ion concentration in the groundwater, not satisfied by atmospheric deposition, may originate from ascending brines that include additional Ca 2+ , Mg 2+ , Na + , K + and SO 4 2− ions typical of the Michigan Basin brines (Wilson and Long 1993) or from the application of highway deicing halite. These groundwater data from relatively deep wells were collected in the 1950s and 1960s prior to widespread use of halite for highway deicing; thus, ascending brines associated with the large cone of depression is a potential source of chloride, and by inference other major ions associated with the underlying brines of the Michigan basin. That is, it appears that a significant portion of the solutes in this aquifer may come from external sources. There is a large atmospheric depositional load of total nitrogen (as NO 3 , HN 3 , and NH 4 ) that is not reflected in groundwater, suggesting a large loss. This observation may reflect either recent agricultural practices of increased nitrogen application and/or forest fires that were once common in the area, and which volatized nitrogen and other ions in vegetation and transported them out of the basin. In general, the system is mildly reducing (presence of Fe 2+ but no H 2 S), thus some loss of nitrogen may be by reduction to nitrogen gas. Note, owing to the large cone of depression underlying a portion of the area that induces infiltration, it is likely that the calculated groundwater recharge may be underestimated. As with the case of the Southern High Plains aquifer, much additional detailed analysis is required for a more complete understanding of the solute chemistry (Wood 1976 ). The point, however, is that atmospheric deposition provides a significant solute mass to the groundwater residing in geologically young glacial sediments that are dominated by abundant fresh broken mineral surfaces, where water-rock interactions would be expected to dominate, and especially when located in a humid continental region.
Abu Dhabi coastal sabkha aquifer system, United Arab Emirates
The Holocene age coastal sabkha (salt flat) wedge-shaped aquifer (Abu Dhabi Formation) in the Emirate of Abu Dhabi, has an average depth of approximately 10 m, and it is exposed as a strip approximately 300-km long by 15-km wide (Fig. 5 ). This aquifer framework consists of nearly homogeneous reworked sand dunes of 60-70% quartz with the remainder largely carbonate minerals with a hydraulic conductivity of approximately 5 m/day. These sediments are superimposed over incised geologic basement that consists of a 6,000-8,000 m Paleozoic-Pleistocene-age sedimentary sequence of carbonates, evaporites and clastics (Wood et al. 2002) . The sabkha aquifer is undeveloped and represents 8,000 years of natural hydrogeologic evolution. The surface of the aquifer is flat, with a very low topographic and groundwater gradient of approximately 1 in 5,000 toward the gulf and a depth to groundwater of approximately 0.8 m. The capillary zone extends from 0.8 m depth to the surface with essentially no unsaturated zone. The topographic and groundwater gradient are controlled by the dynamic equilibrium of the groundwater elevation, sediment supply, and wind speed. The air temperature averages 31°C and current precipitation (last 5,000 years) decreases from approximately 100 mm/year in the east to less than 50 mm/year in the west. Evaporation from the surface is considerably less than the 3,800 mm/year potential pan evaporation owing to relative values of thermodynamic activities of the atmosphere (humidity) and groundwater (0.5) and halite covering the surface. Evaporative flux is nearly equal that of precipitation (Sanford and Wood 2001; Wood et al. 2002) . There is no vegetation, thus all vapor losses are from evaporation. There is an upward brine flux of approximately 4 mm/year into the base of the aquifer, which is the major source of ions. Liquid outflow is small to the adjacent ocean owing to the low gradient hydraulic, low conductivity and lack of significant recharge. The system is hydrologically open with intermittent recharge by precipitation occurring every 15-20 years and a hydrologic gradient towards the gulf, but essentially chemically closed with respect to solutes that are accumulating over time. There is significant mineral precipitation occurring in this system in response to evaporation, as calcite (CaCO 3 ), gypsum (CaSO 4 · 2H 2 O), anhydrite (CaSO 4 ), sylvite (KCl), halite (NaCl) and dolomite [CaMg(CO 3 ) 2 ] are observed to be forming in the capillary zone and on the surface (Wood et al. 2002) .
Owing to significant mineral precipitation and the consequent lack of steady-state conditions, the CR method is inappropriate for this system and neither can the ET method be utilized. In this system the ratio of the solute flux of atmospheric input to the solute flux of the ascending brines input to the base is used to illustrate the relative importance of atmospheric solutes. This is analogous to the other methods as these two sources are the only significant solute input to the aquifer, as thermodynamic analyses suggest there is no addition of solutes from dissolution of the quartz and calcite framework.
The ratio of atmospheric solutes to brine solutes in the aquifer (Table 3) illustrates that Ca 2+ , HCO 3 − , SO 4 2− and NO 3 − ions from atmospheric deposition are a significant source of solutes to the groundwater (Table 3) . Whereas nitrogen from atmospheric deposition is by far the dominate source, much is lost to N 2 gas. In this process of density driven convection, random recharge events transport the nitrate (NO 3 − ) ion from the oxidized upper portion of the aquifer to the base of the aquifer, where reducing conditions prevail converting it to N 2 gas that escapes from the system (Wood and Bohlke 2017) . What is relevant to this paper, however, is the significant percentage of Ca 2+ , K + , HCO 3 − , SO 4 2− and NO 3 − contributed by the atmosphere deposition. As with the case of the Southern High Plains and Upper Grand River Basin aquifer discussed in the preceding, there are many reactions in this system and additional detailed analysis is required for a more complete understanding of the solute chemistry (Wood et al. 2002; Wood and Bohlke 2017) . The argument is that, evaluation of atmospheric deposition provides insight into the source of solutes, even of a brine system.
Discussion and conclusion
It is clear from the given examples that there is potential for atmospheric deposition to significantly impact the concentration of major and some minor ions in groundwaters in a wide variety of climatic environments and aquifer origins (Fig. 6) . It is clearly shown that, in the sampled aquifers, the concentrations of many solutes are likely satisfied by the input of atmospheric deposition. The very low solute concentration and the submicron size of the aerosols enhance their solubility and thus the likelihood that the potential contribution may be expressed in the groundwater.
Whereas trace elements in atmospheric deposition are not addressed in this paper, the fate of common trace elements in precipitation (Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Pb, Se, Rb, Sr, Mo, Cd, and Ba) and their potential impact on groundwater solutes may be of interest. Although it has been Wood et al. 2002) recognized for over 50 years that atmospheric deposition is important in evaluating the source and ion concentration of some ions in some groundwater systems, it is not generally considered a significant or primary source of many major solutes. As noted in the introduction, there are few readily soluble aquifer-framework minerals containing magnesium, potassium, sodium, chloride, or nitrogen ions, thus, the large mass-fraction of these ubiquitous ions in groundwater are unlikely to originate from water-rock interaction of the aquifer. The purpose of this paper is to bring awareness that many, if not most, aquifer systems receive significant solute input from atmospheric deposition. Owing to the recent availability of atmospheric deposition data for many areas, mass balance calculation can now be done early in an investigation to provide insight and a starting point for further inquiries into other important sources, sinks, and processes, and thus, dispensing with the myth of solutes originating largely from weathering of the mineral framework. 
